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Abstract
The 229thorium isotope presents an extremely low-energy isomer state of the nucleus which is
expected around 7.8 eV, in the vacuum ultraviolet (VUV) regime. This unique system may
bridge between atomic and nuclear physics, enabling coherent manipulation and precision
spectroscopy of nuclear quantum states using laser light. It has been proposed to implant
229thorium into VUV transparent crystal matrices to facilitate laser spectroscopy and possibly
realize a solid-state nuclear clock. In this work, we validate the feasibility of this approach by
computer modelling of thorium doping into calcium fluoride single crystals. Using atomistic
modelling and full electronic structure calculations, we find a persistent large band gap and no
additional electronic levels emerging in the middle of the gap due to the presence of the
dopant, which should allow direct optical interrogation of the nuclear transition.
Based on the electronic structure, we estimate the thorium nuclear quantum levels within
the solid-state environment. Precision laser spectroscopy of these levels will allow the study of
a broad range of crystal field effects, transferring Mo¨ssbauer spectroscopy into the optical
regime.
Keywords: nuclear clock, calcium fluoride, thorium isomer, thorium doping, nuclear
spectroscopy, VASP, GULP
(Some figures may appear in colour only in the online journal)
1. Introduction
1.1. The amazing 229Th isomer state
The radioisotope 229thorium (lifetime 7932 years, [1]) is ex-
pected to have a long-lived, exceptionally low-energy, isomer
state—probably the lowest of all nuclear levels. The currently
most accepted value for its energy is 7.8 eV, obtained in an
Content from this work may be used under the terms of
the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.
indirect gamma-spectroscopy measurement [2, 3], placing
it into the vacuum ultraviolet (VUV) range (approximately
160 nm). The possibility of manipulating the quantum states
of a nucleus with laser light has engaged researchers from
various fields for more than 30 years. Possible applications
range from a nuclear frequency standard [4–7] to gamma-ray
lasers [8].
All of these exciting applications obviously require exact
knowledge of the energy and lifetime of the isomer state,
which currently remains elusive. The predicted isomer energy
has undergone a series of changes over the years: from
3.5 eV [9] to 5.5 eV [10], and to 7.8 eV [2, 3], in the VUV
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range. Conclusions drawn from the experimental results and
even the mere existence of the isomer state are still under
discussion [11].
Predictions for the isomer lifetime are equally scattered:
[12] yields a theoretical prediction of T1/2 = (10.95 h)/
(0.025E3), where E is the isomer transition energy in eV,
which leads to 55 min for E = 7.8 eV. Several experiments
have been performed, proposing lifetimes between 2 min [13]
and 6 h [14]. These results are heavily disputed [15].
A spectroscopy experiment to determine these values
should therefore be able to cover a large range of wavelengths
and be compatible with a maximum number of excitation
sources and measurement schemes. Furthermore, the exact
chemical composition of the thorium ions needs to be known
and controlled, as it may have a crucial effect on the isomer
lifetime and the nature of the de-excitation process [16].
1.2. The solid-state approach
It was first suggested in 2003 by Peik et al [4] that thorium
ions may be implanted into UV transparent crystals to perform
laser spectroscopy of the isomer state and eventually realize
a nuclear clock. Due to shielding by the electron shell, the
favourable properties of the nuclear transition (narrow line
width) could be maintained, opening the possibility of building
a solid-state optical clock [6, 7]. Due to the huge mass of the
nucleus (compared to electrons), the nuclear transition would
lie deep in the Lamb–Dicke regime, decoupling internal and
external degrees of freedom to first order.
Although inhomogeneous effects [7] may ultimately hin-
der the design of high-performance solid-state optical clocks,
such thorium-doped crystals can be a promising system for an
initial ‘coarse-grained’ measurement of the isomer transition
energy. Moreover, crystal effects (including temperature and
pressure dependences) can be probed directly with a laser,
transferring Mo¨ssbauer spectroscopy into the optical regime.
Such investigations not only allow studying the host crystal
properties but could give additional information about mag-
netic dipole and electric quadrupole momenta of the thorium
isomer nucleus.
1.3. Calcium fluoride
The host material for thorium doping obviously has to be trans-
parent in the wavelength region in which the nuclear transition
is to be investigated. Furthermore, it has to chemically accept
the dopant in sufficient concentration. The Th-doped material
must remain transparent, which means a sufficiently large band
gap and no additional electronic levels emerging, which might
quench the nuclear transition or inhibit excitation.
In our investigation, we have chosen calcium fluoride
(CaF2) single crystals as a host material for thorium doping.
Other possible host systems, in particular LiCaAlF6, have been
considered by the group of Hudson [17]; an overview of crystal
candidates can be found in [18]. CaF2 is a standard material
in UV optics due to its wide band gap. The literature values
range from 11.6 eV [19] to 12.1 eV [20, 21] for a direct gap
transition. The valence band of CaF2 consists of 2p levels
of the fluorine ions, while the bottom of the conduction band
Figure 1. Undoped CaF2, showing the simple cubic unit cell
containing four formula units. Ca ions are blue, and F ions are
yellow.
originates from the 4s and 3d orbitals of the calcium ions. CaF2
presents a high radiation damage threshold, it can be grown
to high quality using a multitude of established techniques
such as Czochralski, Bridgman and micro-pulling; and cutting,
polishing and coating techniques are readily available, even for
large volume crystals.
The simple lattice structure of CaF2 calls for ab initio
calculations as performed in this work. Doping of CaF2 has
been studied extensively (both theoretically and experimen-
tally) in the context of laser materials, focusing on trivalent
dopants, exhibiting strong optical activity caused by electronic
transitions. Due to the high electropositivity of thorium (1.3
Pauling), we expect to find the dopants in the Th4+ state,
leading to a radon-like noble gas electron configuration. The
ionic radii of Ca2+ and Th4+ are 1.26 Å and 1.19 Å, respec-
tively [22]; their similarity should facilitate replacing a Ca2+
by Th4+ in the doping process.
2. Computer modelling
In this paper, both atomistic modelling and density functional
theory have been used, as they provide complementary infor-
mation.
The combination of the empirical GULP method and ab
initio calculation has the double advantage of providing us
with defect formation energies and solution energies as well
as precise determination of the electronic structure, giving a
reasonable size of the band gap and yielding reliable energies
for the impurity states. Although it is in principle possible
to derive defect formation energies and solution energies
using ab initio calculations, the GULP method provides this
information with a massively reduced computational effort and
with the required accuracy.
2.1. Atomistic modelling: GULP
The GULP code (General Utility Lattice Program) is a general-
purpose atomistic modelling code [23]. It uses effective inter-
atomic potentials to calculate the lattice and defect properties
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Table 1. Experimental and calculated lattice parameters.
Lattice
parameter
Experimental
(Å) [34]
Calculated
(Å) % difference
a 5.47 5.55 1.47
b 5.47 5.55 1.47
c 5.47 5.55 1.47
Table 2. Potential parameters employed in the study. (Note: F shell
parameters: shell charge (Y )=−1.378 |e|, spring constant
(k)= 24.36 eV Å−2.)
Interaction A (eV) ρ (Å) C (eV Å6)
Ca–F 3400.0 0.2664 0.0
F–F 911.69 0.2707 13.80
Th–F 3500.0 0.2980 0.0
of materials. The potential model used is the Buckingham
form, supplemented by an electrostatic term:
V (r)= A exp(−r/ρ)−Cr−6+ q1q2/r12
where A, ρ and C are parameters whose values are specified
for each interaction between a pair of ions, and q1 and q2 are
the charges on the interacting ions. The potential parameters
are given in table 2.
In order to carry out defect calculations, the Mott–
Littleton approximation is used, in which the region imme-
diately surrounding the defect is modelled explicitly, and
approximations are used for more distant regions of the lattice
[24]. Region I is the region immediately surrounding the
defect, and a consistent value of 10 Å was used in these
calculations for its radius. Region IIA is the interface region,
with a radius of 20 Å.
2.2. Ab initio modelling: VASP
CaF2 can be represented as a simple cubic lattice with space
group Fm3m (225) (see figure 1). The Ca atoms occupy the 4a
positions and the F atoms the 8c positions. Ca is surrounded by
eight F atoms, whereas F sits in the centre of a Ca tetrahedron.
To calculate the electronic structure of Th-doped CaF2 we
assume a supercell based on the rhombohedral primitive cell.
The impurity problem is simulated by assuming a periodically
repeated cell containing 27 formula units (81 atoms). By
replacing one Ca by Th we simulate an effective impurity
concentration of 3.7% per Ca.
To calculate the electronic structure, we employ the
Vienna ab initio simulation package (VASP 5.2/5.3) method,
as devised by Kresse and Furthmu¨ller [25]. Since for semicon-
ductors and insulators there are well-known deficiencies of the
local spin density approximation (LSDA) or the spin-polarized
generalized gradient approximation (SGGA) in determining
the proper gap size [26–28] and the position of the impurity
states [29], we perform our calculations using the hybrid
Hartree–Fock density functionals in the HSE06 version [30,
31]. To reduce the computation time, we relax the cell size
and the ionic positions within a PBE [32] calculation. The
geometries were relaxed until all force components were less
Table 3. Basic defect formation energies.
Defect (fractional coordinates) Formation energy (eV)
Ca vacancy (0.0, 0.0, 0.0) 24.20
Ca interstitial (0.5, 0.0, 0.0) −13.48
F vacancy (0.25, 0.25, 0.25) 5.08
F interstitial (0.5, 0.0, 0.0) −1.90
Table 4. Frenkel and Schottky energies.
Defect (fractional coordinates) Formation energy per defect (eV)
CaF2 Schottky (unbound) 2.53 (experimental 2.70 in [36])
Ca Frenkel 5.46
F Frenkel 1.59
than 0.01 eV Å−1. The relaxed lattice constant is only 0.88%
larger than the experimental value, which gives confidence in
the accuracy of the method. After convergence we keep these
relaxed coordinates and change to the HSE functional. All
results are obtained using the projector augmented plane wave
method [33, 34] by explicitly treating 12 valence electrons for
Th (6s2, 6p6, 7s2, 6d2), eight valence electrons for Ca (3p6,
4s2), seven valence electrons for F (2s2, 2p5) and six valence
electrons for O (2s2, 2p4), respectively. In order to avoid
Pulay stress and related problems, plane waves up to a cut-off
energy of 500 eV were included in the basis set. The Brillouin
zone integration was carried out over a 2× 2× 2 0-centred
Monkhorst–Pack k-mesh with a Gaussian broadening of 0.02
eV. The total energy was converged to 1× 10−6 eV.
3. Modelling results
3.1. GULP results
These calculations were performed using the GULP code, as
discussed in section 2.1.
3.1.1. Potentials and structural agreement. The CaF2 struc-
ture was taken from [35], and table 1 shows the agreement
between experimental and modelled structures. The potential
parameters employed in the study are given in table 2.
From table 1 it is seen that the lattice parameters are
reproduced to better than 1.5%, giving confidence in the use of
the potential for the defect calculations reported in section 3.2.
3.1.2. Intrinsic defects in CaF2. Calculations of basic intrinsic
defects (vacancies and interstitials) have been performed. In
table 3 the defect formation energies are given, and in table 4
they are combined to give Frenkel and Schottky formation
energies. The lattice energy of CaF2, needed in the Schottky
defect formation energy calculation, is −26.95 eV.
From table 4 it is clear that the preferred form of intrinsic
disorder is F Frenkel, suggesting that F−c interstitials may be
present, which is an important conclusion for later in the paper
when thorium doping is considered.
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Figure 2. Charge compensation after Th doping (Th4+ ion in red).
(a) compensation by a Ca2+ vacancy, (b)–(d) compensation by F−c
interstitials (green).
3.1.3. Thorium doping calculations. When the CaF2 structure
is doped with Th4+, it is reasonable to assume that the Th4+ ion
will substitute at the Ca2+ site in the structure (see figure 2).
The calculated substitution energy is −43.44 eV. When the
doping takes place, there is a charge imbalance in the lattice
of +2, so charge compensation has to be involved. Two
mechanisms were considered.
3.1.4. Charge compensation by Ca2+ vacancy formation. The
equation for the doping process may be written as
ThF4+ 2 CaCa→ Th··Ca+V′′Ca+ 2 CaF2.
Here, standard Kro¨ger–Vink notation has been used for
the defects [37].
The solution energy is then obtained from
Esol =−Elatt(ThF4)+ E(Th··Ca)+ E(V′′Ca)+ 2 Elatt(CaF2).
Unbound and bound values have been obtained, with the
bound values calculating the thorium doping and calcium
vacancy formation together as a defect cluster (giving a
formation energy of −22.74 eV). These are given in table 5.
3.1.5. Charge compensation by F−c interstitial formation. The
equation for the doping process may be written as
ThF4+CaCa→ Th··Ca+ 2F′i+CaF2.
The solution energy is then obtained from
Esol =−Elatt(ThF4)+ E(Th··Ca)+ 2E(F′i)+ Elatt(CaF2).
Since two interstitials are formed, their respective location
needs to be considered when bound solution energies are
Figure 3. Density of states of undoped CaF2 per supercell
containing 27 formula units.
Table 5. Solution energies for thorium doping. (Note: ThF4 lattice
energy =−79.98 eV.)
Configuration Solution energy per defect (eV)
Vacancy compensation, unbound 3.42
Vacancy compensation, bound 1.67
Interstitial compensation, unbound 2.90
Bound interstitial—180◦ 0.47
Bound interstitial—90◦ 0.32
Bound interstitial—125.3◦ 0.67
calculated. Three possible configurations have been anal-
ysed: (i) linear, (ii) 90◦ and (iii) 125.3◦, as illustrated in
figures 2(b)–(d).
The clear conclusion is that interstitial compensation is
most favourable in this case, and further, that the configuration
where the two F interstitials are at 90◦ is of lowest energy.
Note that the solution energies calculated with the GULP code
allow us to compare different stoichiometries.
3.2. VASP results
CaF2 is a wide gap insulator; its electronic structure is well
described within the applied ab initio method. For pure CaF2
we calculate an effective gap of about 9 eV (see figure 3 and
table 6), which is in fair comparison with the experimental
value of 12 eV. It is also known that for these wide gap
insulators advanced post-DFT functionals such as HSE06
tend to underestimate the gap size. However, the positions
of the impurity bands are scaled down accordingly, which
makes it straightforward to compare our calculated results with
experimental values. The valence band consists of completely
filled 2p states of the F− ions with a small admixture of Ca2+
states. The conduction band contains the empty s and d states
of Ca2+, again with a small admixture of F states. The density
of states (DOS) of undoped CaF2 is shown in figure 3.
3.2.1. Charge compensation by F−c interstitial formation. Sub-
stituting one Ca by Th means that the tetravalent Th4+ provides
4
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Table 6. Calculated band gaps, total energies and electric field gradients for the different configurations investigated in the fully relaxed
structure.
Case # Charge compensation Angle (deg) Relaxed energy (eV cell) Band gap (eV)
1 Undoped CaF2 9.07
2 F {1/200} F {01/20} 90 0 8.59
3 F {1/200} F {−1/200} 180 0.42 8.07
4 F{1/200} F{−1/2− 1/2− 1/2} 125.3 0.52 8.00
5 Ca {1/21/20} 8.33
6 O {1/200} 6.25
7 O {1/41/41/4} O {−1/41/4− 1/4} 109.5 6.68
8 O {1/41/41/4} F {1/200} 54.7 7.07
two additional electrons which would occupy states in the
conduction band, leading to a metallic state. To remain an insu-
lator, these two electrons need to be bound to additional atoms
that provide charge compensation. Our GULP study showed
that an F Frenkel defect is energetically most favourable, which
means that the presence of two additional F−c ions will provide
the necessary charge compensation; see table 5. Here, we
simulate three different configurations for these two F−c ions,
forming 180◦, 90◦ and 125.3◦ angles with respect to the Th
impurity. While a simple electrostatic argument would point to
the 180◦ configuration being most favourable, our calculation
finds the 90◦ geometry as a ground state, which confirms the
GULP results.
The insertion of Th4+ and the two additional F−c ions
leads to relaxations of the crystalline lattice, which are shown
in figure 4. The main effect is a movement of Th4+ and
the two F−c ions towards each other. The presence of the
negatively charged F−c charge compensation ions exerts a re-
pulsive force on the neighbouring F lattice ions, pushing them
outwards.
The charge density in figure 5 shows in the left panel a
section through the plane spanned by the Th and the two F−c
ions (110) in the 90◦ configuration. The F−c ions move slightly
towards the Th, which is also reflected by the increase in charge
density between Th and F−c . The right panel is a section in the
(011¯) plane, and it clearly shows the outward movement of the
next-neighbour lattice F ions.
Figure 6 shows the density of states for the Th-doped
and 90◦ charge-compensated case. The electronic states of the
two additional F−c ions are located at the bottom of the gap,
forming a narrow impurity peak. Th, which replaces a Ca site,
is in a 4+ state, so the empty Th states form the conduction
band together with the unoccupied Ca states. The unoccupied
Th 5f states form a narrow band at the top of the insulating gap,
reducing it to about 9 eV. Although we observe a reduction of
the band gap upon Th doping (5.5% compared to the undoped
case), the band gap remains large enough to be transparent
for the 7.8 eV optical excitation. Both other F−c configurations
(180◦, 125.3◦) exhibit an almost identical density of states; the
small energetic differences do not appear.
3.2.2. Charge compensation by Ca2+ vacancy formation. A
different route of charge compensation is the creation of a
Ca2+ vacancy, as discussed in 3.1.4. The respective density
Figure 4. Schematic view of the forces acting on the atoms in
Th-doped CaF2 in the 90◦ F charge-compensated case: Th (red), F
(yellow), F−c charge compensation (green), Ca (blue). The arrows
point in the direction of deformation and the length of the arrow is
proportional to the force. The relaxations are of the order of 5–10%
of the bond length.
of states looks almost identical to the F−c compensated case,
but without the additional F−c states at the bottom of the gap.
Our GULP analysis (see table 5) gives a defect formation
energy of 1.67 eV, which is more than five times larger than
the energy involved in the creation of two F−c interstitial ions.
We therefore consider this configuration as unlikely.
3.2.3. Oxygen impurities. Since in the crystal production
process oxygen could be easily present as an impurity, we
also studied compensation mechanisms with oxygen involved.
These is one O2−c at an interstitial position, there are two O−
on two F positions and there is a mixture of an O− on an F
position and an F−c interstitial (see figure 8). In all cases we find
oxygen states appearing inside the gap in the density of states,
as is shown in figure 9. The presence of O reduces the gap to
about 6 eV (see table 6, cases 6–8), making it unfavourable for
the desired optical excitation. Hence, oxygen impurities have
to be avoided in the crystal fabrication process.
5
J. Phys.: Condens. Matter 26 (2014) 105402 P Dessovic et al
Figure 5. Charge density for the 90◦ F-interstitial charge compensation. Left panel: in the (110)-plane, comprising the Th dopant and the
two F−c interstitials that provide the charge compensation. Right panel: charge density cut in the (011¯) plane.
Figure 6. Density of states for Th-doped CaF2 with two F
−
c ions for
charge compensation in the 90◦ configuration (see table 6, case 2
and figure 2(b)). The densities of states of the two additional F−c
ions are at the bottom of the gap; the empty Th 5f states are located
at about 8.59 eV, slightly reducing the gap.
Table 6 shows the main results for the eight different cases
studied. Since within VASP a comparison of the total energies
makes sense only for the three stoichiometrically identical
Figure 7. Density of states of Th-doped CaF2 with a Ca2+ vacancy
for charge compensation. The missing Ca atom reduces the DOS of
the empty states above the gap; the Th 5f states are at 8.33 eV
(compare figure 6).
F−c charge compensations (rows 2–4), for all other cases the
total energies are omitted. The coordinates are given for the
unrelaxed positions with respect to Th in multiples of the
lattice constant. It should be noted that due to the relaxation
Figure 8. Charge compensation after Th doping (Th4+ ion in red). (a) Compensation by an O2− impurity interstitial (violet), (b)
compensation by two O− impurity ions (violet), substituting F ions, (c) compensation by one O− ion substituting an F ion (violet) and an
F−c interstitial (green).
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Figure 9. Density of states for Th-doped CaF2 with O2− at an
interstitial site (see table 6, case 6). The additional O2− ion forms a
state within the gap, thus reducing it to 6.25 eV.
of the atomic positions the true coordinates and angles differ
slightly.
In the first row we give the band gap for the undoped
CaF2. The next three rows are the different configurations for
the two additional fluorine atoms at interstitial positions. The
90◦ configuration yields the lowest total energy, which is set
to zero. The two other configurations are higher in energy.
The next three rows give the results for a Ca vacancy (row 5)
and two types of O impurities at different positions, O at an
interstitial site (row 6) and two O replacing two F atoms (row
7). Row 8 gives the result for a mixed configuration with one
O at an F site and an additional F−c interstitial.
4. Solid-state–nuclear interactions
The interaction between the crystal lattice and the thorium
nucleus leads to the appearance of hyperfine structure in the
nuclear quantum levels. In an ionic crystal, fine structure is
absent due to the lack of unpaired electrons. The Hamiltonian
of such hyperfine interaction can be represented in the form
HHFS = HE0+ HM1+ HE2+ · · · [6]. A general discussion of
these terms and various inhomogeneous effects is given in [7].
Here, we focus our attention on the homogeneous effects, i.e.,
details of the hyperfine structure that are common and specific
for certain configurations of charge compensation.
The electric monopole shift or isomer shift (HE0) arises
from contact interaction between the electron cloud and the
finite volume of the nucleus [38]:
HE0 =−2pi5 ρe(0)Ze S
′(Z)R2,
where ρe(0) is electron charge density near the nucleus
calculated in non-relativistic approach, Ze and R are the
charge and radius of the nucleus, respectively (here, the
nucleus is supposed to be spherical; otherwise, we should
replace R2 by 5r2/3, where r is the RMS radius of the nuclear
charge distribution), and S′(Z) is the relativistic correction
(for thorium, S′(90)= 11.7 [38]). The nuclear radii for both
the ground state and the isomer state of 229Th have been
theoretically calculated in [39].
In our ab initio calculation, the core electrons are supposed
to have a fixed, environment-independent electron density.
However, contributions from the valence electrons may change
for the different charge compensation configurations discussed
above. This effect leads to a shift of isomer transition energy,
1E is,E0 =−4pi5 ρe (0) Ze S
′(Z)R2 δR
R
,
where δR = Ris − Rg is the difference between the charac-
teristic radii of the thorium nucleus in the isomeric state
and the ground state, respectively. Unfortunately, the quantity
ρe(0) is not yet accessible in VASP. Even if the electron
density of the valence electrons at the position of the Th
nucleus could be extracted with confidence, it is questionable
whether interactions with the deeply bound core electrons (not
explicitly modelled in VASP) could be neglected.
For an order of magnitude estimate of the isomer shift
we therefore look at results from Mo¨ssbauer spectroscopy of
151Eu2+ doped into CaF2. Here, dependence of the isomer
shift on the doping concentration was observed [40], and it
was conjectured to be an effect of a change in lattice constant
[41]. Scaling these results to the thorium-doped system and
using the RMS charge radius from [39, 42], we obtain an
estimate of a few GHz for the isomer shift between the different
charge compensation configurations. This is to be considered
a very coarse estimate, as especially the theoretical value for
the nuclear charge radius is strongly model-dependent.
The mean value of the magnetic dipole interaction term
(HM1) goes to zero. At the same time, interaction of the tho-
rium nucleus with fluctuating magnetic fields of surrounding
fluorine nuclei leads to an inhomogeneous broadening of the
isomer transition; see [7].
The Fermi contact interaction between the valence elec-
trons and the thorium nucleus vanishes because the valence
electrons are also spin paired.
The electric quadrupole interaction term HE2 can be
written as [43]
HE2 = eQ Vzz4I (2I − 1)
(
3I 2z − I (I + 1)+ η
(
I 2x − I 2y
))
,
where eQ is the nuclear quadrupole momentum, Ix , Iy and
Iz are the components of the nuclear angular momentum, I is
its value, Vzz is the maximum main value of the electric field
gradient and η= ∣∣Vxx − Vyy∣∣ /|Vzz | is the asymmetry. Within
the VASP ab initio calculation the elements of the electric
field gradients are calculated directly from the non-spherical
part of the potential, following the method devised by Petrilli
et al [44].
The quadrupole interaction leads to a splitting of the
ground and the isomeric energy levels, as shown in figure 10.
The most recent experimental value for the quadrupole
moment of the ground state is Qg = 3.11(16) b [45]; the
quadrupole moment Qis of the isomer state is still unknown:
estimations yield Qis ≈ 1.8 b [8]. Values of the quadrupole
7
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Table 7. Calculated electric field gradient and asymmetry factor η and quadrupole shifts of ground and isomer levels of the 229Th nucleus
corresponding to different charge compensation configurations. E ′3/2 =−E ′1/2.
Charge compensation Elect. gradient Shifts of quadrupole sublevels (MHz)
First ion Second ion Angle (deg) Vzz (V Å−2) η E1/2 E3/2 E5/2 E ′1/2
F {1/200} F {01/20} 90 223.0 0.48 −370 −58 420 −250
F {1/200} F {−1/200} 180 −296.7 0 450 110 −560 320
F {1/200} F {−1/2−1/2−1/2} 125.3 −265.5 0.2 410 94 −500 290
Ca {1/21/20} — — 68.3 0 −100 −26 130 −74
O {1/200} — — −10.4 0 16 3.9 −20 11
O {1/41/41/4} O {−1/41/4−1/4} 109.5 −18.4 0.02 28 6.9 −35 20
O {1/41/41/4} F {1/200} 54.7 31.8 0.37 −51 −9.7 60 −35
Figure 10. Quadrupole structure of the ground and isomer states of
the 229Th nucleus in the presence of a non-zero magnetic field
gradient and notation for energy corrections (see table 7). Black
rectangles denote the eigenstates of Iz giving the main contribution
to the corresponding energy state. Grey rectangles illustrate the fact
that admixtures of other magnetic states contribute to the energy
state for η 6= 0.
shifts for different sublevels calculated using the VASP data
are tabulated in the table 7.
We believe that different doping configurations (if present
in a crystal) could be identified in spectroscopy by their isomer
shift and quadrupole structure. Studies of this quadrupole
structure will allow determination of the nuclear quadrupole
moment of the isomer state. Note that, as the transition
probabilities can be calculated easily, the relative intensities
are known [7], facilitating identification. Transitions within
the J = 5/2 ground state are also accessible to NMR spec-
troscopy.
5. Conclusions
We have theoretically analysed thorium-doped calcium fluo-
ride using two complementary methods: atomistic modelling
based on the GULP code and ab initio simulations based on
VASP. Thorium is expected to replace Ca2+ ions in the crystal
lattice as Th4+. We show that the most probable mechanism of
charge compensation is the introduction of two F−c interstitials
in a 90◦ configuration.
We calculate the local lattice deformation around the
dopant and the resulting electric field gradient. Interactions
of the nuclear quadrupole with this gradient leads to a splitting
of the isomer levels, and measuring the quadrupole shifts in
optical or NMR spectroscopy will allow us to corroborate
our assumptions on the microscopic doping configuration. We
show that the doping leads to a reduction of the material band
gap by only a few per cent. A search for the 229thorium nuclear
transition energy is hence possible from the optical region until
deep into the UV region, validating the approach of nuclear
laser spectroscopy in a solid-state sample.
Acknowledgments
GK was supported by the FWF project M1272-N16 ‘TheoNAC’
and the WPI Thematic Program ‘Tailored Quantum Materials’.
PD, GW, MS, GK, and TS acknowledge support by the FWF
Project Y481 and the ERC project 258604-NAC. PD and
PM acknowledge support from the Austrian Science Fonds
FWF within the SFB ViCoM F4109-N13 P09. GW and
MS further thank the FWF doctoral program on ‘Complex
Quantum Systems’. All authors acknowledge discussions with
E Hudson, W Rellergert, and R Uecker on crystal doping and
with E Litvinova on the thorium nuclear charge radius.
References
[1] NuDat 2.6 database, 11 October 2013, http://www.nndc.bnl.g
ov/nudat2/
[2] Beck B R, Becker J A, Beiersdorfer P, Brown G V,
Moody K J, Wilhelmy J B, Porter F S, Kilbourne C A and
Kelley R L 2007 Energy splitting of the ground-state
doublet in the nucleus 229Th Phys. Rev. Lett. 98 142501
[3] Beck B R, Wu C Y, Beiersdorfer P, Brown G V, Becker J A,
Moody K J, Wilhelmy J B, Porter F S, Kilbourne C A and
Kelley R L 2009 Improved value for the energy splitting of
the ground-state doublet in the nucleus 229Th 12th Int.
Conf. on Nuclear Reaction Mechanisms (Varenna)
LLNL-PROC-415170
[4] Peik E and Tamm Chr 2003 Nuclear laser spectroscopy of the
3.5 eV transition in Th-229 Europhys. Lett. 61 181–6
[5] Campbell C J, Radnaev A G, Kuzmich A, Dzuba V A,
Flambaum V V and Derevianko A 2012 A single-ion
nuclear clock for metrology at the 19th decimal place Phys.
Rev. Lett. 108 120802
[6] Rellergert W G, DeMille D, Greco R R, Hehlen M P,
Torgerson J R and Hudson E R 2010 Constraining the
8
J. Phys.: Condens. Matter 26 (2014) 105402 P Dessovic et al
evolution of the fundamental constants with a solid-state
optical frequency reference based on the 229Th nucleus
Phys. Rev. Lett. 104 200802
[7] Kazakov G A, Litvinov A N, Romanenko V I, Yatsenko L P,
Romanenko A V, Schreitl M, Winkler G and Schumm T
2012 Performance of a 229thorium solid-state nuclear clock
New J. Phys. 14 083019
[8] Tkalya E V 2011 Proposal for a nuclear gamma-ray laser of
optical range Phys. Rev. Lett. 106 162501
[9] Helmer R G and Reich C W 1994 An excited state of 229Th at
3.5 eV Phys. Rev. C 64 1845–58
[10] Guima˜raes-Filho Z O and Helene O 2005 Energy of the 3/2+
state of 229Th reexamined Phys. Rev. C 71 044303
[11] Sakharov S L 2010 On the energy of the 3.5-eV level in 229Th
Phys. At. Nuclei 73 1–8
[12] Ruchowska E et al 2006 Nuclear structure of 229Th Phys. Rev.
C 73 044326
[13] Inamura T T and Haba H 2009 Search 531 for a ‘3.5-eV
isomer’ 229Th in a hollow-cathode electric discharge Phys.
Rev. C 79 034313
[14] Zhao X, de Escobar Y N M, Rundberg R, Bond E M,
Moody A and Vieira D J 2012 Observation of the
deexcitation of the 229mTh nuclear isomer Phys. Rev. Lett.
109 160801
[15] Peik E and Zimmerman K 2013 Comment on ‘observation of
the deexcitation of the 229mTh nuclear isomer’ Phys. Rev.
Lett. 111 018901
[16] Karpeshin F F and Trzhaskovskaya M B 2007 Impact of the
electron environment on the lifetime of the 229Thm
low-lying isomer Phys. Rev. C 76 054313
[17] Jackson R A, Amaral J B, Valerio M E G, Demille D P and
Hudson E R 2009 Computer modelling of thorium doping
in LiCaAlF(6) and LiSrAlF(6): application to the
development of solid state optical frequency devices
J. Phys.: Condens. Matter 21 325403
[18] Hehlen M P, Greco R R, Rellergert W G, Sullivan S T,
DeMille D, Jackson R A, Hudson E R and Torgerson J R
2013 Optical spectroscopy of an atomic nucleus: progress
toward direct observation of the 229Th isomer transition J.
Lumin. 133 91–5
[19] Barth J, Johnson R L, Cardona M, Fuchs D and
Bradshaw A M 1990 Dielectric function of CaF2 between
10 and 35 eV Phys. Rev. B 41 3291–4
[20] Rubloff G W 1972 Far-ultraviolet reflectance spectra and the
electronic structure of ionic crystals Phys. Rev. B 5 662–84
[21] Tsujibayashi T, Toyoda K, Sakuragi S, Kamada M and Itoh M
2002 Spectral profile of the two-photon absorption
coefficients in CaF2 and BaF2 Appl. Phys. Lett. 80 2883–5
[22] Shannon R D 1976 Revised effective ionic radii and
systematic studies of interatomic distances in halides and
chalcogenides Acta Crystallogr. A32 751
[23] http://projects.ivec.org/gulp/
[24] Mott N F and Littleton M J 1938 Conduction in polar crystals.
I. Electrolytic conduction in solid salts Trans. Faraday Soc.
34 485
[25] Kresse G and Furthmu¨ller J 1996 Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set Phys. Rev. B 54 11169–86
[26] Ku¨mmel S and Kronik L 2008 Orbital-dependent density
functionals: theory and applications Rev. Mod. Phys. 80 3
[27] Bachelet G B and Christensen N E 1985 Relativistic and
core-relaxation effects on the energy bands of gallium
arsenide and germanium Phys. Rev. B 31 879
[28] Filippetti A and Hill N A 2002 Coexistence of magnetism and
ferroelectricity in perovskites Phys. Rev. B 65 195120
[29] Wahl R, Vogtenhuber D and Kresse G 2008 SrTiO3 and
BaTiO3 revisited using the projector augmented wave
method: performance of hybrid and semilocal functionals
Phys. Rev. B 78 104116
[30] Heyd J, Scuseria G E and Ernzerhof M 2003 Hybrid
functionals based on a screened Coulomb potential J. Chem.
Phys. 118 8207
[31] Heyd J, Scuseria G E and Ernzerhof M 2006 Erratum: ‘Hybrid
functionals based on a screened Coulomb potential’
J. Chem. Phys. 124 219906 (erratum)
[32] Perdew J P, Burke K and Ernzerhof M 1996 Generalized
gradient approximation made simple Phys. Rev. Lett.
77 3865–8
[33] Blo¨chl P E 1994 Projector augmented-wave method Phys. Rev.
B 50 17953–79
[34] Kresse G and Joubert D 1999 From ultrasoft pseudopotentials
to the projector augmented-wave method Phys. Rev. B
59 1758–75
[35] Gerward L, Olsen J.S, Streenstrup S, Malinovskii M,
Asbrink S and Waskowska A 1992 X-ray diffraction
investigations of CaF2 at high pressure J. Appl. Crystallogr.
25 578–81
[36] Jacobs P W M and Ong S H 1976 Point defect parameters for
calcium fluoride from ionic conductivity measurements at
low temperatures J. Physique Coll. 37 C7 331–335
[37] Kro¨ger F A and Vink H J 1956 Solid State Physics vol 3,
ed F Seitz and D Turnbull (London: Academic) pp 307–435
[38] Shirley D A 1964 Application and interpretation of isomer
shifts Rev. Mod. Phys. 36 339
[39] Litvinova E, Feldmayer H, Dabaczewski J and Flambaum V
2009 Nuclear structure of lowest 229Th states and
time-dependent fundamental constants Phys. Rev. C
79 064303
[40] Schroeer D, Kuo Ch S and Lambe R L 1979 Isomer shift of
Eu2+ in fluorides Phys. Status Solidi 92 565
[41] Maletta H, Heidrich W and Mo¨ssbauer R L 1967 Dependence
of concentration of the isomer shift of divalent 151Eu in
CaF2 Phys. Lett. 25 295
[42] Gerth G, Kienle P and Luchner K 1968 Chemical effects on
the isomer shift in 151Eu Phys. Lett. 27 557
[43] Greenwood N N and Gibb T C 1971 Mo¨ßbauer Spectroscopy
(London: Chapman and Hall) p 55
[44] Petrilli H M, Blo¨chl P E, Blaha P and Schwarz K 1998
Electric-field-gradient calculations using the projector
augmented wave method Phys. Rev. B 57 14690
[45] Campbell C J, Radnaev A G and Kuzmich A 2011 Wigner
crystals of 229Th for optical excitation of the nuclear isomer
Phys. Rev. Lett. 106 223001
9
